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INTRODUCTION

Over the last 5 years, there has been an in-
creasing interest in the genetics of organisms
other than the Enterobacteriaceae. The success
of the genetic study of Escherichia coli has
persuaded microbiologists, biochemists, and mo-
lecular biologists that solutions to theoretical
and applied problems in biology can be success-

fully approached by understanding genetic phe-
nomena in various microorganisms. Among
those organisms which have attracted increasing
attention are members of the genus Pseudo-
monas, and the features which enticed earlier
workers to the genetic study ofthis genus remain
of interest. They include its notable biochemical
diversity, gnificance for infectious disease, par-

ticularly in terms of its resistance to antibiotic
therapy, and increasingly the realization that
there are genetic phenomena in this genus which
are different from those in other bacterial gen-

era. There have been previous reviews on the
genetics of Pseudomonas (67, 69, 76, 77, 172).
With respect to the biochemical diversity of

Pseudomonas, considerable attention has been
paid to the identification and characterization of
plasmids which carry genetic determinants that
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enable utilization of a wide variety of growth
substrates; this aspect has been recently re-
viewed by Chakrabarty (20). Knowledge of these
plasmids and their contribution to the under-
standing of the genetics and biochemistry of
Pseudomonas requires a background of inten-
sive and extensive information of the whole ge-
nome. For example, it is necessary to be able to
differentiate accurately between a function
coded for by a chromosomal gene and a function
coded for by a plasmid gene.
Much of the sophisticated genetic work on E.

coli depends on detailed mapping of the chro-
mosome, which has proceeded for over 30 years.
There is no reason to believe that progress in
genetic studies of other bacteria will be satisfac-
tory without extensive chromosomal mapping
data. This article reviews recent studies on the
bacterial chromosomal genetics of Pseudo-
monas species.

METHODS OF CHROMOSOMAL
ANALYSIS

The three processes of chromosomal transfer,
conjugation, transduction, and transformation,
are found in Pseudomonas, and all have a role
in determining genome organization in various
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species. In terms of investigating the genetic
constitution of the chromosome, conjugation is
undoubtedly the most useful. A range of plas-
mids has been shown to transfer chromosome in
P. aeruginosa, P. putida, and P. glycinea. If an
overall genetic understanding of the genus Pseu-
domonas is to be obtained, what is needed is
plasmids which can promote chromosome trans-
fer in any given species or isolates of this genus.
Some of the plasmids which have been previ-
ously used for chromosome mobilization studies
have a rather limited host range for this ability,
but with the demonstration that IncP-1 plasmids
have chromosome mobilization ability (Cma) for
Pseudomonas and the isolation of variants with
enhanced Cma (57), the possibility of finding
plasmids with wide-host-range Cma becomes,
more likely.

Conjugation
In P. aeruginosa, FP2 was the plasmid first

used for mapping and the basic genetic analysis
of this species was carried out with this plasmid.
Techniques of recombinant analysis and inter-
rupted mating were shown to be effective in
locating the relative position of chromosomal
genes. Since then, a variety of other plasmids
with Cma has become available. A technique
has been developed (38) which enables the iden-
tification of Cma plasmids directly in wild-type
strains. It has been found that 15 to 30% of
hospital isolates of P. aeruginosa carry plasmids
having Cma, and we refer to this class as FP
plasmids. A number of such plasmids have been
surveyed for their Cma properties, including the
site of origin of chromosome transfer, and al-
though most ofthem have the same site of origin
for chromosome transfer as FP2, some have been
isolated with identifiably different properties of
chromosome mobilization, such as the ability to
transfer "late" markers at much higher frequen-
cies. One plasmid, FP110, has a different origin
site (see Fig. 2) and transfers chromosome in the
direction opposite that found with FP2 (P. Royle
and B. W. Holloway, manuscript in preparation).
One difficulty encountered in using these plas-

mids for chromosomal analysis of P. aeruginosa
is that it has not been possible to demonstrate
circularity of the strain PAO chromosome as the
FP plasmids used have only one predominant
site from which the chromosome is transferred.
This fact stimulated the search for other plas-
mids with Cma in P. aeruginosa and has led to
the examination of various R plasmids. There
are now well over 100 R plasmids described for
P. aeruginosa (93). They have been classified
into 10 incompatibility groups. Members of
group 1 (or IncP-1) have been extensively stud-
ied because of their wide bacterial host range as

well as for their ability to promote chromosome
transfer (71). It was shown (170; B. W. Holloway,
unpublished data) that IncP-1 plasmids have
this ability, as do others including R91 (IncP-
10). The use of these plasmids was critical to the
demonstration of map circularity for the strain
PAT chromosome by Watson and Holloway
(181). The fact that the IncP-1 plasmids tested
did not promote chromosome transfer in strain
PAO in turn led to the search for variants of
R68, which did have this property, and resulted
in the isolation of R68.45 (57, 58). This plasmid
can promote chromosome transfer in strain PAO
at a frequency higher than that found with FP2
and, furthermore, has a multiplicity of transfer
origins, unlike FP plasmids. It displays Cma in
all strains of P. aeruginosa so far tested. R68.45
contains the full R68 genome together with an
additional segment of deoxyribonucleic acid
(DNA) inserted near the determinant for kana-
mycin resistance. This insertion, denoted ISP, is
ca. 1,800 base pairs long and has been shown to
have one Sma and two Pst restriction endonu-
clease sites (M. van Montagu and J. Schell,
personal communication; G. Reiss, H. J. Burk-
hardt, and A. Puhler, personal communication;
12a; 88).

R68.45-like plasmids have been derived in the
same way from other IncP-1 plasmids, and one
has been found in a hospital-isolated strain of P.
aeruginosa; to date, all those examined possess
the ISP region (M. Nayudu and B. W. Holloway,
unpublished data; Reiss, Burkhardt, and Puhler,
personal communication). It is proposed to refer
to such plasmids as ECM (enhanced chromo-
some mobilization) to distinguish them from
native Cma plasmids like FP2. The properties of
ISP in such a plasmid as R68 would include the
ability to mobilize chromosome in P. aeruginosa
strains such as PAO, for which R68 itself has
very inefficient Cma. Very likely, ISP acts as a
recognition site for some chromosomal DNA
sequence, and the interaction initiates that se-
quence of events which we recognize as chro-
mosome transfer. R68 evidently has all the other
information necessary for such chromosome
traisfer, because it displays Cma in P. aerugi-
nosa PAT and P. glycinea (71, 109, 170, 181).
ECM plasmids have also been shown to be active
in promoting chromosome transfer in other spe-
cies of Pseudomonas, including P. putida (119;
H. Dean, A. F. Morgan, and B. W. Holloway,
unpublished data) and P. glycinea (50).

Considerable effort has been put into the
search for a suitable Cma plasmid for P. putida.
Despite the extensive biochemical knowledge
which has been acquired and the variety of
degradative plasmids now known for this spe-
cies, little is known of the genetic organization
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of its chromosome. Chakrabarty and Gunsalus
(23, 24) derived plasmid pfdm from transducing
phage pfl6h2, and this is thought to be a bacte-
riophage-bacterial chromosome hybrid with
low-level Cma activity. Subsequently, Shaham
et al. (161) showed that the CAM (camphor-
utilizing) plasmid could mediate chromosome
transfer in P. putida, but the frequency of trans-
fer was not adequate for effective chromosomal
analysis. Mylroie et al. (137) showed that plas-
mid K, which is part of the octane-degrading
OCT plasmid (21), possessed Cma, but it was
too unstable for chromosomal genetic analysis.
By isolating recombinant plasmids which con-
tained both plasmids K and XYL (xylene deg-
radation), it was possible to impose selection for
the XYL-K plasmid by growth on xylene and
thus overcome the problems resulting from in-

K4
0

stability of the K plasmid. An interrupted-mat-
ing technique has been developed, and a prelim-
inary linkage map of P. putida, containing some
25 genes, has been published (Fig. 1) (137).

Following the initial demonstration by Mar-
tinez and Clarke (119) that R68.45 can promote
chromosome transfer in P. putida, Dean, Mor-
gan, and Holloway (unpublished data) showed
that a variety of ECM plasmids, derived in a
manner snimlar to that for R68.45, show Cma in
P. putida. Some P. putida strains do not display
Cma with IncP-1 plasmids. This happens when
such strains carry a degradative plasmid of the
IncP-2 type. It has been shown (93) that, in both
P. putida and P. aeruginosa, IncP-2 plasmids
cause fertility inhibition of IncP-1 plasmids,
which markedly reduces both plasmid transfer
and IncP-1-promoted host chromosome trans-
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FIG. 1. Chromosome map of P. putida (137). Designations are as listed in the legend to Fig. 2, together

with: ace, acetate utilization; ade, adenine requirement; ben, benzoate utilization; bio, biotin requirement.
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fer. Not all ECM plasmids derived from P.
aeruginosa show the same Cma characteristics
in P. putida PRS (ATCC 12633) (H. Dean and
A. F. Morgan, unpublished data), the indications
being that there are fewer origins with such
plasmids in P. putida than in P. aeruginosa and
that the pattern of origins and the efficiency of
chromosome transfer are different in these two
species.
As described above, FP plasmids with Cma

are readily found in P. aeruginosa. Many of
these plasmids can be "loaded" with transposons
(J. Finger and V. Krishnapillai, unpublished
data), including FP2, which was the first such
plasmid shown to acquire the transposon Tnl
(144). Acquisition of these transposons confers
a potential selective feature such as mercury
resistance (TnhO1) or trimethoprim and strep-
tomycin resistance (Tn7), which has enabled
selection to be imposed for the transfer of these
plasmids to organisms other than P. aeruginosa.
Most can be transferred to P. putida, where they
retain Cma, and the lack of coinheritance of
unselected markers found with chromosome
transfer by these plasmids suggests that rela-
tively small pieces of chromosome are trans-
ferred.

In P. glycinea it has been shown by Lacy and
Leary (109) that IncP-1 plasmids can express
Cma, and in a subsequent study Fulbright and
Leary (50) claimed that R68 was in fact as effec-
tive as R68.45 in this respect. In a series of plate
matings, using two- and three-factor crosses, it
has been possible to identify the relative chro-
mosomal locations of 11 loci for this species.
ECM plasmids, particularly R68.45, have been

shown to promote chromosome transfer in other
bacterial genera including Rhizobium, Rhodo-
pseudomonas, Azospirillum, Agrobacterium,
and Escherichia (for a review, see Holloway
[71]). This could mean that ISP has a nucleotide
sequence which can be recognized by a nucleo-
tide sequence (or sequences) found in all these
bacteria. It will be of interest to relate ISP to
those insertion sequences which have already
been identified in E. coli. We have already found
that ECM plasmids can be generated in E. coli,
indicating that the sequence (or gene product)
ofISP is not exclusive to P. aeruginosa (Nayudu
and Holloway, unpublished data). If, as is likely
from the data for P. aeruginosa, the origin of
ISP is the bacterial chromosome, it will be of
interest to determine what genetic functions it
has while still part of the bacterial chromosome.

Phage and Transduction
P. aerugino8a. Bacteriophages which prop-

agate on P. aeruginosa are very common, and
the properties of many of them have been pre-

viously summarized (76). Such phages may be
readily isolated from sewage or from hospital
isolates of P. aeruginosa. Probably all strains of
P. aeruginosa are lysogenic for at least one
phage (76), although it has not always been
established whether all such isolates are true
lysogens or whether they carry the phage as a
persistent infection (pseudolysogeny, the carrier
state). The distinction is a fine one and not
always a simple matter to distinguish (2). That
the nature of phage-host interaction is under
genetic control of the host, presumably of the
host chromosome, as well as the phage, can be
seen from the fact that phages which have been
classified as virulent by their behavior with P.
aeruginosa PAO can be isolated from "purified"
bacterial isolates which are presumably lyso-
genic or more probably pseudolysogenic for the
phage (74; B. W. Holloway, V. Krishnapillai and
A. F. Morgan, unpublished data). E79 is the
best-characterized example of such a phage. It
is sufficiently virulent in its effect on PAO to
have been used successfully as a contraselective
agent in interrupted matings (151) and yet, pro-
viding steps are taken to prevent killing of the
transductants by phage, E79 is an efficient trans-
ducing phage (see below).
With so many phages available, the develop-

ment of transductional systems for genetic anal-
ysis of P. aeruginosa has not been difficult.
Phages F116L (105) and G101 (78) are general-
ized transducing phages of 41 and 38 megadal-
tons, respectively, which both transduce
markers at a frequency of 1 x 10-7 to 5 x 1O-7
per plaque-forming unit (76). They have been
used extensively in mapping of the P. aerugi-
nosa chromosome, both for establishing the ex-
act order of closely linked markers and for pro-
totroph reduction tests (44; 124). This test,
which functionally performs the same role as
meiotic segregation analysis for eucaryotes, may
be used to demonstrate that mutations which
give rise to similar phenotypes are not closely
linked and hence have different genetic bases.
The test may be used to assign new mutations
to "prototroph reduction groups" that have pre-
viously been mapped by conjugation or in the
initial genetic analysis of a metabolic pathway.
Thus, P. aeruginosa PAO mutants isolated on
the basis of their inability to utilize mannitol as
the sole carbon source have been shown, by F116
transduction, to form four linkage groups (152).
When mutations cannot be characterized in this
manner, due to close linkage of the genes in-
volved, careful fine-structure analysis using co-
transducible outside markers is required before
any pronouncement on the genetic basis of a
pathway can be made.

Specialized transducing phages have not been
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reported for P. aeruginosa even though it has
been shown that some prophages have a chro-
mosomal location (17, 18, 106). Such phages
could prove useful in complementation and
dominance studies, assuming that the merozy-
gotes formed are as stable as those formed by
Xdg transducing particles in E. coli. For isolation
of specific fragments of the chromosome, how-
ever, restriction endonuclease-mediated inser-
tion of chromosomal DNA into suitable plasmid
cloning vectors will probably prove a more prac-
tical procedure.
Other Pseudomonam spp. Other pseudo-

monads, in particular P. putida, have been ex-
tensively studied biochemically, but transduc-
tion studies have been limited for two reasons.
First, phages for other Pseudomonas species are
much less common than for P. aeruginosa, and
only in the case of one strain of P. maltophilia
(134) and one strain of P. acidovorans (13) have
temperate phages been reported. Second, many
laboratories have performed their biochemical
studies on Pseudomonas isolates found after
enrichment of soil or some other natural envi-
ronment, and these are unlikely to be sensitive
to phages developed for genetic analysis of an-
other strain of that particular species. The only
P. putida phage that has been extensively used
for transductional analysis is pfl6 (26), which
propagates on strain PpG (ATCC 17453), and its
host range mutant pfl6h2, which can also mul-
tiply in P. putida PRS (ATCC 12633) (26). The
DNA of this phage has a molecular weight of 90
x 106, and it has been estimated that it is capable
of transducing up to 5% of the P. putida chro-
mosome (184). Holloway and van de Putte (79)
isolated from sewage a generalized transducing
phage, PP1, for P. putida PMBL-4BL, but its
subsequent use in genetic analysis has not been
reported. The same holds for phage M6 of P.
maltophilia (134). A P. fluorescens phage, PX4,
which also plates on P. aeruginosa PAT, has
been shown to be capable of transducing both
within strain 14 of P. fluorescens and between
the two species (145, 146). Recently, a general-
ized transducing phage, 412, has been used for
genetic analysis of P. acidovorans (13).
Interspecific transduction. In general,

phages are not suitable for studies involving
interspecific gene transfer because of their lim-
ited host range and because the exogenote is
unable to persist in the recipient without recom-
bination with the recipient genome. Plasmid
primes, such as have been developed for P.
aeruginosa (70; J. Hill and B. W. Holloway,
unpublished data), are more suitable for such
studies.
A host range mutant ofPX4 (146), called Pf2M,

which plates on P. putida PRS has been used to

transduce genes involved in tryptophan biosyn-
thesis and benzoate utilization between the two
species, although at lower frequencies than
found in intraspecies crosses (25). It is difficult
to interpret such results in terms of the degree
of homology between the relevant genes of the
two species, because for stable recombinants to
be isolated there is need only for homology
between regions flanking the selected gene.
R'PA1, which carries the 3- to 4-min region of
the P. aeruginosa PAO chromosome (70), is
highly stable in P. putida PRS, and so homology
between these two species must be restricted to
certain regions of the chromosome (75). A host
range mutant of phage M6 of P. maltophilia,
M6a, is capable of generalized transduction in
both its original host and P. aeruginosa PAO
(134), but its use in interstrain crosses has not
been reported. The use of ECM plasmids and R'
plasmids seems to be a more efficient procedure
for interspecific crosses, and this will be dis-
cussed below.
Development of transduction systems.

When a temperate phage is used for transduc-
tion, it is not usually necessary to prevent killing
of the transductants by nontransducing phage
particles. However, given the scarcity of temper-
ate phages of pseudomonads other than P.
aeruginosa, it will probably be necessary to use
virulent phages for transduction, and phage kill-
ing of transductants will be a problem. The
transduction procedure for pfl6 uses ultraviolet
irradiation of the phage lysate, coupled with the
presence of phage antisera to reduce killing, but
results can still be variable. A temperature-sen-
sitive mutant of pfl6h2 has been used to over-
come the problem of transductant killing (178).
Schmieger (159, 160) reported that the Sal-

monella typhimurium phage P22 can be mu-
tated to yield variants capable of transducing
chromosomal markers at frequencies up to 100-
fold higher than that of the wild-type phage.
Morgan (134a) has isolated similar mutants of
the virulent P. aeruginosa phage E79, desig-
nated E79tv. Wild-type phage lysates contain
transducing particles, but transduction is not
normally detectable because the transductants
do not survive. Transduction is detectable with
phage mutants because a much lower phage
input is required to yield a given number of
transductants. The recovery of transductants
can be increased still further if the recipient cell
carries a plasmid of incompatibility group P-2.
E79 is one of a number of phages which are
female specific as far as these plasmids are con-
cerned. Phage adsorption is normal, but the
infection is aborted (90) and cell killing is negli-
gible if the multiplicity of infection is kept below
2 (134a). By using recipients carrying IncP-2
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plasmids, it has been possible to show that wild-
type E79 is capable of transduction, although at
low frequency, as are various other virulent P.
aeruginosa phages to which IncP-2 plasmids
confer resistance.

IncP-2 plasmids can be transferred to many
Pseudomonas spp. (11), and it may be possible
to use this phenomenon to detect virulent phage-
mediated transduction in other Pseudomonas
spp. Unfortunately, IncP-2 plasmids do not con-
fer resistance to pfl6 in P. putida or PX4 in P.
fluorescens (A. F. Morgan, unpublished data).
However, it should be possible to obtain high-
frequency transducing variants of these phages.
Of interest in this connection is the isolation of
such a mutant for phage MX4 of Myxococcus
xanthus (16) which, if used at multiplicities of
about 100, can transduce chromosomal markers
with a frequency of 10-2 per recipient. The au-
thors point out that such a phage would be
extremely useful in the genetic analysis of
markers for which direct selection cannot be
applied.

Transformation
For E. coli, chromosomal, as opposed to plas-

mid, transformation can only be detected in a
recB, recC, or sbcB (or A) recipient because
incoming linear DNA is degraded by the recB
and recC endonuclease (35, 143). Equivalent
genotypes are not yet available for any Pseudo-
monas spp., but chromosomal transformation
has recently been reported for P. putida (136)
and the phytopathogen P. solanacearum (7; C.
Boucher, personal communication). In both
cases the transformation frequency was about
10-6 per recipient cell, and coinheritance of
linked markers was demonstrated. For P. pu-
tida, prior treatment of the recipient cells with
Ca" was required to induce competence, but
this was not necessary for P. solanacearum. The
range of DNA fragment molecular weights able
to transform has not been determined.

In P. aeruginosa PAO, plasmid transforma-
tion of Ca2"-treated recipients has been reported
(158, 163), but all attempts to transform chro-
mosomal markers failed. As shearing plasmid
DNA reduces transformation frequency but does
not yield deletion mutants, unlike the situation
for plasmid transformation in P. putida (27), it
is probable that, as with E. coli, linear DNA is
degraded. Transformation will probably prove
to be more useful for chromosomal analysis of
some Pseudomonas spp. than for others.

CHROMOSOMAL MAPPING OF P.
AERUGINOSA PAO

Strain PAO has been more extensively used

for genetic work than any other strain of this
genus but, despite more loci having been
mapped than with other strains, genetic circu-
larity for strain PAO has not yet been demon-
strated. Two of the more widely used Cma plas-
mids, FP2 and FP5 (121), have only one origin
of transfer, at a site which has been arbitrarily
designated 0 min on the PAO chromosome.
These plasmids have been shown to be satisfac-
tory for both plate mating and interrupted mat-
ings in the region 0 to 40 min, but for more-distal
markers, interrupted matings give too few re-
combinants for accurate data to be obtained.

R68.45 has been shown (57, 58) to have mul-
tiple sites of entry, but in plate matings most
recombinants inherit only short donor chromo-
some fragments which are usually less than 10
min long. However, by the use of double-selec-
tion procedures, double recombinants can be
isolated by interrupted matings, and these ap-
pear after a delay which corresponds to the map
distance betwen the two selected markers as
measured with FP2 interrupted matings (58).
This indicates that R68.45 and FP2 promote
chromosome transfer at similar rates, and hence
the marker distances obtained with each of these
Cma plasmids can be compared, a fact which
will be of importance in the quantitation of the
strain PAO map.
A variety of other ECM plasmids have been

isolated and studied for their mapping charac-
teristics in strain PAO (Nayudu and Holloway,
unpublished data), and in general they are very
similar to R68.45, some being more stable than
R68.45.
A search has been made for additional FP

plasmids which have other origins or show in-
creased recovery of markers for the "late" re-
gion, i.e., those markers situated later than 40
min on the PAO map. Only one such plasmid
has been isolated, FP110, which shows a major
site of origin in the 25- to 28-min region and
transfers chromosome in the opposite direction
to FP2, FP5, and FP39 (Royle and Holloway, in
preparation). This has enabled the mapping of
a marker, pur-70, in the region of the chromo-
some to the left of the FP2 origin by means of
its linkage to proB and ilvB/C. These three loci
also show coinheritance with R68.45 donors. As
with FP2, the recovery of markers more distal
than pur-70 from the FP110 origin is very low,
and it has not been possible to show linkage of
pur-70 to markers which are very distal in FP2
matings, such as leu-10 (= leu-9001) or met-9011
(see Fig. 2). This means that at present the
length of the chromosome between the markers
situated at about 40 to 45 min and the distance
between pur-70 and the FP2 origin cannot be
determined quantitatively in terms of minutes
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methionine requirement; nal, nalidixic acid; nar, nitrate reductase; nir, nitrite reductase;pca,protocatechuate
utilization; phe, phenylalanine requirement; pho, alkaline phosphatase; pob, p-hydroxybenzoate utilization;
pro, proline requirement; pur, adenine requirement; put, proline utilization; puu, purine utilization; pyr,
uracil requirement; rif, rifampin resistance; ser, serine requirement; som, somatic antigen; spc, spectinomycin
resistance; str, streptomycin resistance; sup, suppressor activity; thi, thiamine requirement; thr, threonine
requirement; Ts, temperature sensitive for growth; tol, aeruginocin tolerant; trp, tryptophan requirement; tyu,
tyrosine utilization; Val, D-valine utilization; xcp, extracellularprotease.
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of chromosome transfer by FP2. It has been
possible to determine the order of a range of
markers in this "late" region, and the details are
given in Table 1. Table 1 and Fig. 2 summarize
published and unpublished results of the loca-
tions of a variety of markers on the strain PAO
chromosome. By the use of modified techniques
of interrupted mating (59), we have shown that
the positions of some markers have required
revision relative to earlier published maps. In
addition, some markers included in previous
maps have been deleted because the strains
carrying them have either been lost or no longer
show the correct phenotype. Taking as a base
the map published by Haas et al. (59), a variety
of new markers have been added, and the evi-
dence for the location of each marker is sum-
marized in Table 1. In Table 2 a list of presum-
ably allelic markers is given based on proto-
trophic reduction tests and other data. These
markers have been used in the publications in-
dicated. The map has been constructed with
data obtained by plate and interrupted matings
using plasmids FP2, FP5, and R68.45. Close
linkages have been established by cotransduc-
tion with the bacteriophages F116, F116L, G101,
and E79tvl. In general, the marker designations
conform to those used for E. coli (1). One devia-
tion concerns markers for which the phenotype
involves inability to utilize a particular substrate
as the sole carbon or nitrogen source. It is rec-
ommended that the three-letter gene symbol
consist of two letters indicative of the substrate
and the last letter "u" (for utilization).
Although the number of mapped genes is still

too few to draw extensive conclusions, there does
seem to be a nonrandom distribution of genes
involving substrate utilization, and mapping of
other examples of this class of mutation will be
examined with interest. The size of the region
between leu-10 and the FP2 origin is still un-
known. In strain PAT, it was possible to get
coinheritance of the markerspur-4 (correspond-
ing to pur-70 of PAO) and leu-2 (corresponding
to leu-10 ofPAO) by using R68.45 (181), whereas
in PAO, this donor plasmid does not transfer
enough chromosome so that coselection can be
made for both leu-10 and pur-70. Attempts to
use FP2 or FP110 to close the gap have similarly
been unsuccessful to date (Royle and Holloway,
unpublished data).
A variant form of FP2, possibly analogous to

the Hfr form of F, has been described by H.
Hermann and E. Gunther (personal communi-
cation). It is nontransferable, has a higher effi-
ciency ofchromosome transfer, but still transfers
chromosome from the same site as does the wild-
type FP2 plasmid. This development, together
with the addition of transposons to FP plasmids

described above, may enable Hfr variants of FP2
and other plasmids to be constructed by selec-
tion for integration of an FP plasmid into the
chromosome. This could be accomplished by
selection of retention of drug resistance with
temperature sensitivity plasmids to which a
transposon carrying a drug resistance determi-
nant has been added. Watson and Scaife (183)
have shown that the IncP-1 plasmid RP4 can
acquire an origin of transfer for E. coli K-12 by
integration.

CHROMOSOMAL MAPPING OF
P. AERUGINOSA PAT

Genetic studies have been carried out with
strain PAT as an alternative to those with strain
PAO. It was first shown in this strain by means
of transduction studies with F116 that the chro-
mosomal distribution of functionally related bio-
synthetic markers is different from that estab-
lished for the Enterobacteriaceae (44). Initially,
the difficulties of conjugational analysis with
strain PAT lay in the fact that it possessed the
FP2 plasmid, and PAT(FP2) x PAT(FP2) mat-
ings were of very low fertility (66). Stanisich and
Holloway (169) showed that nitrogen half-mus-
tards could cure the FP2 plasmid, albeit at low
frequency. This led to the construction of a
strain, PAT964, which is prototrophic and acts
as a recipient in crosses with normal PAT strains
containing FP2 or PAT964 derivatives which
have acquired FP2. A series of multiply marked
strains was built up from PAT964 and these
have been used to demonstrate Cma activity of
various R plasmids, including R68 and R91 in
strain PAT, as well as providing the experimen-
tal basis of mapping the PAT chromosome (170,
171).
A detailed conjugational and transductional

analysis of strain PAT has been made (181, 182),
using plasmids FP2-2 (a variant of FP2 with
increased conjugational ability [171]), R91-5 (a
derepressed mutant of IncP-10 R91 [30]), and
R68 (an IncP-1 plasmid isolated in England). By
means of interrupted matings and linkage anal-
ysis of recombinants, it has been possible to
show that FP2-2 and R68 each mobilize the
chromosome from single, but different, transfer
origins and that R91-5 mobilizes chromosome
from two origins. R68 and R91-5 mobilize the
chromosome with a polarity opposite that of
FP2-2. The locations of these transfer origins
(see Fig. 3) are such that it has not been possible
to demonstrate chromosome circularity by
means of interrupted-mating experiments with
these plasmids. However, with R68.45 which, as
in PAO, has multiple origins in PAT, linkage
data have been obtained which, together with
the available time-of-entry data obtained with
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TABLE 1. Data used for construction of the chromosome map of P. aeruginosa PAO'
Marker Experimental details of phenotype and location Reference

aglA General resistance to aminoglycosides; defective in cyto-
chrome cw2 and nitrate reductase activity; 50% cotrans-
ducible with ilvB/C, using F116L

agiD Isolated as spontaneous mutant resistant to kanamycin; also
resistant to streptomycin, gentamicin, and amikacin; 34%
cotransducible with argC, using F116L; position relative to
flanking markers not determined

aglE Isolated in a PAO strain carrying R68.45; high-level resist-
ance to aminoglycosides; mapping by FP2 matings and
analysis of recombinants

aerRl,2,3 R-type aeruginocin determinants; mapping by FP2-mediated
conjugation; cotransduction with trpC,D,E, using F116

amiE Structural (E) and regulatory (R) genes for amidase; amiE
amiR and amiR shown to be contiguous by transduction deletion

mapping with F116; amiE located close to leu-10 by R68.45
matings; from FP5 matings order is probably argF/G-
amiE/R-leu-10

arcB Defect in catabolic ornithine carbamoyltransferase; cotrans-
ducible by F116L with hisIl and argA

attH90 Insertion site for prophage H90; linkage determined by FP2
matings, zygotic induction, and interrupted matings; lo-
cated between car-9 and argA

attJ51 Insertion site for prophage J51; linkage determined by FP2
matings, zygotic induction, and interrupted matings; lo-
cated in 50-min region, but linkage to flanking markers not
determined

catAl Deficient in catechol 1,2-oxygenase; located distal to met-
9011 and proximal to tyu-9009 by segregation analysis,
using FP5 donors

chu-9002 Cannot use choline as sole carbon source; shows 70% linkage
in FP5 conjugation withpyrE, probably betweenpyrE and
trpA,B

cnu-9001 Inability to use carnosine as either a carbon or a nitrogen
source; lacks carnosinase; shows 95% coinheritance with
puuF in FP5 crosses

eseA Resistance to virulent phage E79; 10% cotransducible with
hex-9801, using F116

eseB Isolated as resistant to phage E79, with concomitant muta-
tion to arg-48 which, by prototroph reduction with F116L,
is highly linked to argB; reversion of arg-48 to arg' results
in concomitant increased sensitivity to E79

gbu-9(901 Lacks guanidinobutyrate amidinohydrolase; cannot use guan-
idinobutyrate as sole nitrogen source; located by FP5 mat-
ings between trpA,B and ilv-202, but relationship to flank-
ing markers not determined

gpu-9001 Lacks guanidinoproprionate amidinohydrolase; cannot use
guanidinoproprionate as sole nitrogen source; located by
FP5 matings between trpA,B and ilv-202, but relationship
to flanking markers not determined

hex-9001 Inability to use hexoses; with FP5 crosses shows 98% coin-
heritance with met-9011; probably between leu-10 and
argF/G

hisIII Requires histidine for growth; 15% cotransducible with argA,
using phage F116L; by R68.45 matings, shown to be be-
tween hisII and argA

hisIV Requires histidine for growth; located by time of entry in
FP2 matings; by segregation data, shown to be proximal to
lys-12, and probably between hisI and hisII

hisV Requires histidine; 25% cotransducible with ser-3 by F116L;
by cotransductions with E79tv1, the order ser-3-hisV-ilv-
218-met-28 has been demonstrated

L. E. Bryan, T. I. Nicas, and B.
W. Holloway, unpublished
data

C. E. Crowther and B. W. Hol-
loway, unpublished data

75; B. W. Holloway and C. E.
Crowther, unpublished data

98, 99, 100, 101

4, 8; C. E. Crowther and B. W.
Holloway, unpublished data;
H. Matsumoto, personal com-
munication

D. Haas, personal communica-
tion

17, 106

18

120

H. Matsumoto,
munication

personal com-

H. Matsumoto, personal com-
munication

H. Matsumoto, personal com-
munication

B. W. Holloway, unpublished
data

H. Matsumoto,
munication

H. Matsumoto,
munication

personal com-

personal com-

H. Matsumoto, personal com-
munication

R. J. Crockett and A. F. Morgan,
unpublished data

R. J. Crockett and A. F. Morgan,
unpublished data

B. W. Holloway, unpublished
data; R. J. Crockett and A. F.
Morgan, unpublished data
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TABLE 1-Continued
Marker Experimental details of phenotype and location Reference

hut-109 Cannot use histidine as sole carbon source; located at 18 min 37
as determined by time of entry only in FP2 matings;
relationship to flanking markers not determined

Urocanase deficient; cannot use histidine as sole carbon
source; 16% cotranaducible with ser-3, using F116

Regulatory gene; closely linked to hutU by F116 transduc-
tions

ilvB/C ilvB lacks acetohydroxy acid synthetase, and ilvC lacks re-

ductoisomerase; both require isoleucine plus valine for
growth; shown to be contiguous by transduction mapping
with F116; ilv-226 (as isolated in PAO substrain 222) shown
to be at the same location as ilvBi12

ilvD Requires isoleucine plus valine; lacks dihydroxy acid dehy-
dratase; located between hisVand met-28 by time-of-entry
and segregation studies with FP2 matings and by cotrans-
duction with flanking markers, using F116L

lesA Inability to be lysogenized by F116; close to lys-56 and argB;
linkage to flanking markers shown by reciprocal crosses

with FP2 donors
lesB Inability to be lysogenized by F116; shows Rec- phenotype;

linkage obtained by selection for leu-8+ with FP2 matings
Iys-9105 Requires lysine; in FP5 matings shows 95% coinheritance

with argG
met-9018 Requires methionine; cotransducible, using F116L with thr-

9001 (thr-48) and pur-9012 (pur-66), with the order pur-
9012-thr-9001-met-9018

nalA High-level resistance to nalidixic acid; 1% cotransduction
with leu-10; <1% cotransduction with hex-9001 (F116L
used)

naiC High-level resistance to nalidixic acid; 23 to 32% cotransduc-
tion with hex-9001; <1% cotransduction with leu-10 (F116L
used)

nar-9001 Blocked in the conversion of nitrate to nitrite; shows 80%
linkage to leu-38 in matings with FP5 donors; could be
narB or narC

nar-9001 Blocked in the conversion of nitrate to nitrite; located from
segregation data obtained with FP5 donors; shows linkage
to tyu-9009 and puuC,D,E; may correspond to narA or
narD

nir-9001 Lacks disimilatory nitrite reductase activity; shows linkage
to tyu-9001 and met-9011 in matings with FP5 donors

nir-9006 Lacks disimilatory nitrite reductase activity; may corre-

spond to nirB; located by segregation data with FP5 donors
pcaA Lacks protocatechuate oxidase; located by FP5 matings be-

tween ilv-202 and trpA,B
pho-1 Deficient in alkaline phosphatase; shows 96% coinheritance

whenproA82 is selected in crosses with R68.45
pobA Lacks p-hydroxybenzoate hydroxylase; located by FP5 mat-

ings between ilv-202 and trpA,B
proA Defect in glutamate 5-phosphotransferase; mapped, by FP2

and R68.45 matings, between trpC,D,E and leu-38
proB Defect in glutamyl 5-phosphate reductase; location identical

to that of pro-4 on Loutit map; mapping by interrupted
mating with FP2 and segregation data with R68.45 donors;
situated between ilvB/C and FP2 origin

proC Lacks ability to convert A-pyrroline 5-carboxylate to proline;
by F116 transduction with flanking markers location shown
to be ilv-202-met-28-proC

pur-70 Requires adenine for growth; located between met-9011 and
the FP2 origin; linkage in FP11O crosses to ilv-219

37

J. R. Potts (Ph.D. thesis, Uni-
versity of London, London,
1975)

57, 116; J. M. Carrigan, D. Haas,
and B. W. Holloway, unpub-
lished data

116; D. Haas, unpublished data

129

129

H. Matsumoto, personal com-
munication

H. Matsumoto, personal com-

munication

57, 58; D. Haas, personal com-
munication

59; D. Haas, personal communi-
cation

83; H. Matsumoto, personal
communication

83, 120; H. Matsumoto, personal
communication

H. Matsumoto, personal com-
munication

83,120

H. Matsumoto, personal com-

munication
B. Wretlind, personal communi-

cation
H. Matsumoto, personal com-

munication
R. V. Krishna and T. Leisinger,

personal communication
114; R. V. Krishna and T. Leis-

inger, personal communica-
tion; J. M. Carrigan, D. Haas,
and B. W. Holloway, in prep-
aration

151, 179

P. L. Royle and B. W. Holloway,
unpublished data

hutU

hutC
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TABLE 1-Continued
Marker Experimental details of phenotype and location Reference

Cannot use proline as sole carbon source; enzyme deficiency
not determined; location to other markers not determined;
located, by time of entry, at ca. 22 min with FP2 donor

Lacks adenine dea ; mapped by recombinant analysis
with FP5; 96% recovery of puuA marker when double
selection imposed for trpA+ ilv-202' in FP5 matings

Lacks guanine deaminase; linkage data derived from recom-
bination analysis with FP5 donors shows location to be
between hi8I and hisII

Lacks xanthine dehydrogenase; FP5 matings indicate a lo-
cation later than 50 min but position not accurately deter-
mined relative to flanking markers; closely linked by G101
transduction to puuD and puuE, in the relative order
puuC-puuD-puuE

Lacks uricase; linkage determination as forpuuC
Lacks allantoinase; linkage determination as forpuuC
Lacks allantoicase; not cotransducible withpuuC,D,E cluster;

analysis of recombinants from FP5 crosses suggests the
order tyu-nar-puuD-puuF

Lacks aspartate transcarbamylase; by cotransduction with
F116 met-28 shown to be between ilv-202 and pyrB

Requires uracil for growth; lacks dihydroorotic acid dehydro-
genase; by three-factor R68.45 crosses, order shown to be
leu-9001-met-9011-pyrD

Lacks orotidylic acid pyrophosphorylase; located by time-of-
entry data with FP114 and F116L cotransduction with
argB (65%); not cotransducible with lys-12

Requires uracil for growth; lacks orotidine monophosphate
pyrophosphorylase; by three-factor R68.45 crosses, order
shown to be leu-9001-met-9011-pyrF, with pyrF probably
between met-9011 and pyrD

Resistance to rifampin; cotransducible with trpC, trpD, and
argC, shown by transduction to be between strA and argC

Requires serine; 25% cotransducible with hisV

Somatic antigen marker, identified by agglutination tech-
niques; 15% cotransducible with leu-9001 and 2% cotrans-
ducible with hex-9001, using F116

Somatic antigen marker, identified by agglutination tech-
nique; 12% cotransducible with leu-9001 and 20% cotrans-
ducible with hex-9001, using F116

Requires threonine; 29% cotransducible with pur-66, using
F116

Isolated as tolerant to aeruginocin AR41, with concomitant
mutation to purine requirement (pur- 70); tolB and pur- 70
are cotranaducible with F116L

Isolated as tolerant to aeruginocin AR41, with concomitant
mutation to arginine requirement (arg-11); arg-11 shown
by prototrophic reduction with F116L to be very closely
linked to argH; toiC is 69% cotransducible with arg-11,
using F116L

Isolated as tolerant to aeruginocin AR41, with concomitant
mutation to tryptophan requirement (tip-62) (not satisfied
by indole); trp-62 shown by prototrophic reduction with
F116L to be very closely linked to trpA and trpB; tolD is
100% cotransducible with trp-62

Isolated as tolerant to aeruginocin AR41; also shows Les-
phenotype (reduced ability to establish lysogeny with cer-
tain temperate phages); shows 100% linkage to leu-8 in
conjugation with FP2 donors

37

120

120

120

120
120
120

87

R. J. Crockett and A. F. Morgan,
unpublished data

87; P. L. Royle, personal com-
munication

R. J. Crockett and A. F. Morgan,
unpublished data

C. E. Crowther and B. W. Hol-
loway, unpublished data

B. W. Holloway, unpublished
data

122; H. Matsumoto, personal
communication

H. Matsumoto, personal com-
munication

151

H. Rossiter and B. W. Holloway,
unpublished data

H. Rossiter and B. W. Holloway,
unpublished data

80; H. Rossiter and B. W. Hol-
loway, unpublished data

J. F. Dodge and B. W. Holloway,
unpublished data

put

puuA

puuB

puuC

puuD
puuE
puuF

pyrB

pyrD

pyrE

pyrF

rifA

ser-3

somA

somB

thr-48

tolB

toiC

tolD

tolE
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TABLE 1-Continued
Marker Experimental details of phenotype and location Reference

trpA Requires tryptophan or indole for growth; lacks tryptophan
synthase (a activity); >95% cotransducible with trpB, using
F116L; formerly trpE

trpB Requires tryptophan for growth; lacks tryptophan synthase
(/1 activity); located by time of entry in FP2 matings;
formerly trpF

trpC Requires tryptophan or indole for growth; lacks indole-glyc-
erol phosphate synthase; 32% cotransducible with argC
and 18% cotransducible with rifA, using F116L; formerly
trpD

trpD Requires tryptophan or indole for growth; lacks anthranilate
phosphoribosyltransferase; 21% cotransducible with argC
and 13% cotransducible with rifA, using F116L; formerly
trpB

trpE Requires tryptophan, anthranilate, or indole for growth; lacks
anthranilate synthase; closely linked to trpC and trpD by
prototroph reduction tests with F116L, but no cotransduc-
tion detected with argC or rifA; formerly trpA

trpF Requires tryptophan or indole for growth; lacks phosphori-
bosyl anthranilate isomerase; 60% cotransducible withpur-
9103 and 40% cotransducible with leu-10, using F116L;
formerly trpB

tyu-9009 Unable to grow on tyrosine as sole carbon source; lacks
homogentisicase; between nar-9011 and catAl; linkage
data obtained from segregation of tyu and flanking markers
in crosses with FP5

VaID Cannot use DL-valine, DL-alanine, or L-proline as sole carbon
source and incapable of induction of D-amino-acid oxidase;
30 to 44% cotransducible, using F116L, with hisII

xcp-l Lack of extracellular protease probably due to decreased
ability to release extracellular protein; 72% coinheritance
with ilvB/C and 65% coinheritance with hisII in crosses
with R68.45, so probably located between ilvBiC and hisII

xcp-2 Does not produce an extracellular protease, probably due to
mutation effects on a common regulatory mechanism for
extracellular protein; 93% coinheritance when trp-6 is se-
lected in crosses with R68.45

15; B. W. Holloway, unpublished
data

15, 59

15; B. W. Holloway, unpublished
data

15; B. W. Holloway, unpublished
data

15; B. W. Holloway, unpublished
data

15; P. L. Royle, unpublished data

120

115

187, 188; B. Wretlind, personal
communication

188; B. Wretlind, personal com-
munication

a Based on the map published by Haas et al. (59) and data for the location of markers cited in that map are
given in that reference.

FP2-2, R68, and R91-5, have conclusively dem-
onstrated that the chromosomal genetic map of
P. aeruginosa PAT is circular.
The use of transduction to demonstrate link-

age of other markers to those markers whose
position has been established by conjugation
analysis has resulted in the construction of a
linkage map of P. aeruginosa PAT which in-
cludes some 50 markers (182) (Fig. 3). One fea-
ture of this linkage analysis was the demonstra-
tion of a cluster of markers affecting threonine
biosynthesis. Transduction analysis shows them
to be very closely linked, and they may be con-
tiguous, this reasoning being based on the esti-
mated molecular weight of the P. aeruginosa
chromosome (2.1 x 109) (150), the molecular
weight of the transducing phage, and the fre-
quency of cotransduction. These three loci may
represent part of a regulatory unit concerned
with threonine biosynthesis.

Another region of interest is that involving
the streptomycin resistance, fusidic acid hyper-
sensitivity, and spectinomycin resistance loci, all
of which show close linkage and may code for
ribosomal proteins. The close linkage of the
rifampin resistance locus, which in E. coli and
P. aeruginosa has been shown to code for the
beta subunit of ribonucleic acid polymerase (164,
165), to this region of putative ribosomal protein
genes further suggests that this may be a region
of the chromosome whose gene products are
involved in macromolecular synthesis.
A comparison of the PAO and PAT maps

shows no essential differences between the two
strains, and, indeed, where gene identification
has been possible in terms of gene products,
there is an extremely close similarity. Although
restriction enzyme differences between PAO and
PAT make direct mapping comparisons difficult,
the strains are certainly interfertile, as shown
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TABLE 2. Chromosome map of P. aeruginosa PAOa
Marker symbol on map

(Fig. 2)
argA
argB
argC
argH
car-9
cys-5605
hisI
hisII

ilvB/C
ilvD
leu-8
leu-10
lys-12
met-28
met-9011
naiC
proA
proB
proC
pur-66
strA
thr-48
trpA,B
trpC,D,E
tyu-90X9

Closely linked (allelic) markers

arg-163 (151)
arg-1 (151); arg-18 (151)
arg-6 (114); arg-54 (151)
arg-32 (59, 151)
arg-160 (151); arg-161 (151); car-160 (59); car-161 (59)
cys-61 (151)
his-5039 (125); his-5075 (124, 125); his-9004 (120)
his-4 (57, 59); his-12 (59); his-07 (115, 124); his-35 (115, 124); his-68 (115, 124); his-

151 (59, 151); his-154 (151); his-9010 (120); his-9011 (120)
ilv-219 (57, 59); ilv-226 (57, 59); ilv-261 (151)
ilv-202 (57, 59, 151); ilv-9012 (120)
leu-1 (114); leu-38 (57, 59); leu-41 (151); leu-9006 (120); leu-9008 (120)
leu-9001 (120)
lys-2 (114); lys-53 (151); lys-56 (151); lys-58 (59); lys-60 (59); lys-61 (59); lys-9006 (120)met-11 (151)
met-9020 (120)
nal-7 (59); nal-8 (59); nal-12 (59); nal-13 (59)
pro-73 (151);pro-82 (59)
pro-4 (114);pro-64 (59);pro-71 (151)
pro-70 (151)
ade-5 (114); pur-9012 (120)
str-1 (57, 59); str-2 (58); str-7 (57, 59); str-43 (59)
thr-I (172); thr-9001 (120)
trp-150 (151); trp-9025 (120); trp-9027 (120)
trp-6 (57, 58); trp-54 (57)
tyu-9017 (120); tyu-9019 (120)

a Relationship of other published markers to markers referred to in Fig. 2. Numbers in parentheses arereferences.

initially with FP2 (67) and also more recently
with R68.45 (57). In view of the interest in gene
relationships between different species of Pseu-
domonas (discussed elsewhere in this article), it
is significant that the gene arrangements ofthese
two strains of P. aeruginosa, PAO and PAT,
which come from quite separate geographical
origins (Australia and South Africa, respec-
tively), appear to be the same. Data of this type
will undoubtedly be more interesting when more
distantly related species or strains are compared,
and they can only be obtained after construction
of detailed chromosomal maps. Linkage data,
although difficult and time consuming to obtain,
are absolutely necessary for understanding the
biological and biochemical characteristics and
the evolutionary origins of such a diverse genus
as Pseudomonas.

INTERSPECIFIC AND INERGENERIC
CROSSES

The properties ofECM plasmids derived from
IncP-1 plasmids, in particular their ability to
move freely between different species of Pseu-
domonas and other bacterial genera, provide
means by which transfer of genetic material
between different species of Pseudomonas and
even between Pseudomonas and other bacterial

genera may be achieved. In many cases involving
the transfer and expression of heterologous
DNA, selection can be made for expression of a
particular phenotype, for example, the conver-
sion of an auxotrophic phenotype to a proto-
trophic one, but in most cases it is not possible
to be certain that the incoming allele of the
marker in question is expressing itself, as some
form of suppressor gene activity could give the
same phenotypic result. When any alteration of
recipient phenotype does take place in this typeof genetic exchange, we shall use the term com-
plementation. R' plasmids, such as R'PA1 (70),
are particularly suitable for this type of experi-
ment, and it has been demonstrated (75) that
specific genes of P. aeruginosa can be trans-
ferred to P. putida and can complement mutant
alleles in that recipient. By using R'PA1, which
covers the chromosomal segment including
argA, argH, lys-12, and argB, it was shown, for
example, that transfer of R'PAl to a P. putida
mutant deficient in argininosuccinase (argH)
complemented the deficiency so that the P. pu-
tida recipient containing R'PA1 was proto-
trophic. It was shown that P. putida argH con-
taining R'PA1 could synthesize argininosucci-
nase, but it was not demonstrated that this was
the enzyme prod-uced by P. aeruginosa. This
basic technique has considerable promise for
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FIG. 3. Chromosome map of P. aeruginosa PAT (181). Designations are as listed in the legend to Fig. 2.

studying expression of Pseudomonas genetic
material in various heterospecific backgrounds
and should be of value in comparing those spe-
cies of the genus in which there are pronounced
biochemical and other differences.
The R' plasmids derived from R68.45 have

also been used to study the transfer of genetic
material between unrelated genera. Hedges et
al. (62) isolated an R' plasmid from P. aerugi-
nosa which contained the chromosomal trpA,B
genes coding for the alpha and beta chains of
tryptophan synthase. This was transferred into
E. coli, where it was found that, if these hybrids
were provided with anthranilate in place of tryp-
tophan, the generation time was more than 10
h. It was possible to obtain plasmid mutants
which were constitutive for tryptophan syn-
thase; this mutation was very likely located on
plasmid-carried chromosomal material. It was
concluded that regulation of the trpA,B genes in
the E. coli cytoplasm was similar to that which
occurred in P. aeruginosa rather than that dem-
onstrated in E. coli. It is clear that there is an
impediment to the expression of certain Pseu-
domonas genes in E. coli.
These observations were extended by Hedges

and Jacob (61), who obtained plasmids derived

from R68.45 containing, respectively, trpE+,
hisB+, argE+, guaA+, or argG+, which could
each be transferred to E. coli and there comple-
ment the appropriate auxotrophic lesion. For
these transfers, no enzymatic determinations of
the gene products involved were made. Domar-
adskij and his colleagues (41, 42, 48, 133) have
also studied the ability of IncP-1 plasmids to
transfer genetic material between E. coli and P.
aeruginosa and have demonstrated that a plas-
mid-bacterial chromosome hybrid is formed.

Nagahari et al. (139) constructed an RP4-trp
plasmid consisting of RP4 DNA and the com-
plete tryptophan operon ofE. coli obtained from
the bacteriophage AtrpE,A -3 in vitro. This
plasmid was transferred from E. coli to P.
aeruginosa, and the activities of anthranilate
synthase and the beta unit of tryptophan syn-
thase were measured. It was found that the
levels of both enzymes in a P. aeruginosa strain
carrying the RP4-trp plasmid were markedly
elevated compared with the enzyme levels found
in the prototrophic P. aeruginosa strain with
only chromosomally located trp genes. Further-
more, the same enzyme activities were found in
both nonrepressed and repressed conditions.
Expression of genes transferred between P.
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aerugnosa and E. coli has also been studied
with plamid-coded genes, in particular those
carried by the TOL plasmid. Benson and Shap-
iro (3) produced a hybrid TOL plasmid contain-
ing transposon Tn401, which codes for carbeni-
cillin resistance, and transferred this hybrid plas-
mid from P. aeruginosa to E. coli. Whereas the
replicative and conjugative functions ofthe plas-
mids are expressed by both hosts, as is the
production of fl-lactamase, the ability to grow
on m-toluate is expressed only by P. aeruginosa
or P. putida and not by E. coli. Similar results
were obtained by Jacoby et al. (92) using a
hybrid between TOL and RP4, and it was found
that E. coli strins carrying the RP4-TOL plas-
mid formed colonies on media with toluene,
xylene, or p-xylene as the sole carbon source
only after 4 to 5 days. Growth did not occur with
benzoate or m- or p-toluate. Nakazawa et al.
(141) also obtained a recombinant between RP4
and a thermosensitive TOL plasmid and found
that, even under conditions of induction, the
synthesis of m-pyrocatechase in E. coli was
about 1% of the figure obtained for P. putida.
These are other examples of an impediment to
the expression of Pseudornonas genes in E. coli.
By contrast, the transfer of E. coli genes to

Pseudomonas does not seem to show any such
an impediment for expression. Mergeay and Ger-
its (128) have shown that various F' plasmids of
E. coli can be transferred into P. fluorescens,
where they can complement a wide range of
auxotrophs. Mutants with requirements for iso-
leucine, leucine, methionine, arginine, and his-
tidine were complemented well, but tryptophan
mutants were at best complemented only poorly.
By means of these plasmids it was possible to
identify the enzymes involved in metabolic
blocks in P. fluorescens. In a subsequent study,
Mergeay et al. (127) showed that argE (acetyl-
ornithinase) and argH (argininosuccinase) gene
products could be detected in P. fluorescens
carrying the E. coli F' plasmids with these par-
ticular genes. The E. coli genes are not repres-
sible by arginine in P. fluorescens, as the trans-
regulatory gene of the arginine regulon is not
carried by the plasmid. The specific activities of
the argE and argH enzymes ofE. coli expressed
in P. fluorescens are similar to the values found
for wild-type E. coli cells synthesizing arginine
endogenously. These results suggest that there
is no serious limitation to the expression of E.
coli genes in P. fluorescens. It has recently been
shown (103) that a plasmid, pRD1, containing
the nifgenes of Klebsiella can be transferred to
Bacillus subtilis and there express the nitrogen
fixation phenotype. Collectively, these results
suggest that soil organisms such as Pseudo-
monas and Bacillus are much more adept at

expressing information from DNA which they
acquire from a range of sources compared to an
enteric organism such as E. coli with a very
restricted and definite ecological niche.
R-prime derivatives have been obtained by

using R68.45 in Rhizobium leguminosarum.
When such R primes carrying different trypto-
phan genes were transferred to P. aeruginosa,
they readily suppressed trpA, -B, -C, -D, -E and
-F mutants of that strain. However, when the R-
prime plasmids were transferred to E. coli trp
strains, they failed to suppress anv try mutants.
although it was possible to isolate a plasmid
mutant that could express Rhizobium genes in
E. coli (96).

Clearly, much remains to be done in the trans-
fer and expression of interspecific and interge-
neric genetic material, but should it become
clear from this work that species of Pseudo-
monas are better at expressing foreign genes
than is E. coli, there may be a case for using
Pseudomonas species, in particular the non-
pathogenic varieties, for elaboration of specific
gene products in in vitro genetic engineering
experiments. Organisms such as P. fluorescens
have much to commend them for such experi-
ments in terms of nonpathogenicity and ease
with which they will grow on a-variety of sub-
strates. What they lack is a well-characterized
genetic system as well as suitable plasmid vec-
tors. A beginning has been made in looking for
vectors that can be used in such species by
Nagahari and Sakaguchi (139), who have shown
that the RS1010 plasmid derived from an E. coli
plasmid can be introduced by transformation
into P. putida and P. aeruginosa, where it has
potential use as a vector. This plasmid has a
multiple copy number of 43 per chromosome
equivalent in P. putida cells, it is nonconjuga-
tive, and has only one DNA site susceptible to
EcoRI and HpaI endonucleases and three sites
susceptible to HincII restriction endonuclease.
One difficulty with this plasmid is its reduced
stability in some Pseudomonas strains.

GENETIC REGULATION
Introduction

Detailed reviews on regulation of gene expres-
sion in bacteria, including Pseudomonas, have
been recently prepared (31-33). We shall con-
sider three aspects of particular interest in Pseu-
domonas: gene arrangement, the amidase sys-
tem, and suppression.
Arrangement of genes in Pseudomonas.

The literature on gene arrangement up to 1975
has been extensively reviewed (34, 36, 69, 184).
It was recognized early that the genes for bio-
synthetic pathways were nonclustered in P.
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aeruginosa (44), which is quite unlike the dis-
tribution in E. coli or S. typhimurium (1, 157).
For example, the histidine genes form a contig-
uous sequence of nine structural genes in enteric
bacteria, whereas at least five unlinked loci are
involved in P. aeruginosa (125; R. J. Crockett
and A. F. Morgan, unpublished data). Where
mapping has been carried out in P. putida, this
lack of clustering of biosynthetic pathway genes
also seems to be true (137). By contrast, P.
putida is unique in possessing marked clustering
for those genes controlling the dissimilatory
pathways. This was first demonstrated by
pfl6h2 transduction for the mandelate (26) and
13-ketoadipate pathways (185).

Particular attention has been paid to the ar-
rangement of genes involved in the f,-ketoadi-
pate pathways (166). Cotransductional linkage
in two-factor crosses with phage F116 in P.
aeruginosa has established two transductional
clusters controlling this pathway, with only one
of the genes, pcaA (specifying protocatechuate
oxygenase), not being linked to either cluster
(102, 156). A similar analysis with phage pfl6h2
in P. putida has also identified two transduc-
tional clusters, but in this case pcaA was found
to be linked to one of the clusters (185). A
striking feature of the genetic organization ofthe
pathway in these two species was the separation
of the mandelate genes mdlC and mdlB by catC,
catB, and ben in P. aeruginosa, whereas the
mandelate genes are all linked to each other in
P. putida. Otherwise, all the genes of this path-
way map at corresponding places on the respec-
tive genomes. Stanier and Ornston (166) have
speculated that the genes governing the central
reactions of this pathway anteceded the evolu-
tionary separation of these species, with subse-
quent independent development of the genes of
the mandelate pathways (166). A recent genetic
analysis by FP2-mediated conjugational and
F116L- or G101-mediated transductional crosses
has mapped six genes of the arginine biosyn-
thetic pathways and the gene controlling carba-
moylphosphate synthase in P. aeruginosa PAO
(59). The argA,argH,argB loci map within
about 3 min of each other on the chromosome,
and argF,argG are cotransducible but not con-
tiguous. These two genetic clusters are unlinked
to either car or argG. Also in strain PAO, four
unlinked groups of genes which control the ca-
tabolism of mannitol and fructose have been
identified by two-factor crosses with F116 (6,
152). In P. putida, five genes specifying glucose
dissimilation have been shown by pfl6h2 to be
cotransducible (176). The inferences drawn
about the 900 differences in orientation of glu-
cose utilization genes on the chromosome of E.
coli K-12, such as their separation after two

sequential duplications of an ancestral genome
(155), may not be expected to apply in P. putida
because of its unique pathway of glucose assim-
ilation, which is quite unlike that of most other
bacteria (176). In any case, this extends the
concept of genetic clustering of genes controlling
catabolic pathways previously established in P.
putida to those affecting the degradation of p-
hydroxybenzoate, quinate, shikimate, benzoate,
mandelate phenylacetate, nicotinate, phenylal-
anine, tyrosine, and histidine (184). It is remark-
able that, on the basis of pfl6h2 transductional
analyses, 21 structural genes believed to form 14
regulatory units controlling the dissimilation of
these substrates map within about 10 to 15% of
the bacterial chromosome (110). However, this
important generalization with respect to cluster-
ing of these genes on the chromosome has to be
confirmed in future genetic analyses by demon-
stration of their linkage to other chromosomal
markers. At present there are insufficient link-
age data to exclude the possibility that certain
catabolic genes are on very stable plasmids
rather than on chromosomes (which would in-
deed support the speculations regarding the
value of such clustering, e.g., the suggestion of
the potential for genetic transfer [110]). It has
recently been shown that nicotine-degrading
genes are plasmid borne in P. convexa (174),
whereas the equivalent genes are believed to be
chromosomal in P. putida (110). Although the
comparable genes in P. putida and P. convexa
have not been shown to be genetically homolo-
gous, one interpretation is that they are on the
same plasmid, but differential plasmid stability
is manifested in the different hosts. The initial
supposition of plasmid-borne genes in P. putida
was based primarily on such evidence as cura-
bility by mitomycin C and, in some instances,
conjugal transferability. More recently, this has
been confirmed by the physical demonstration
of plasmid DNA, its use in transformation, re-
striction fragment analyses, and contour length
measurements of double-stranded plasmid DNA
isolated by cesium chloride-ethidium bromide
density gradient centrifugation (43, 46, 97, 147).
The currently postulated clustered chromo-
somal location for dissimilatory genes in P. pu-
tida, including those for mandelate utilization
(26, 184), based on transductional linkage data
with phage pfl6h2 might be explained by a
plasmid location for these genes. The estimated
genetic length of 9% for the dissimilatory genes
of the P. putida chromosome, using the Wu
formula (189) for linkage analyses and assuming
the chromosome to be 2.4 x 109 daltons (184),
projects these genes to be on a chromosome
fragment of 216 x 106 daltons. Pseudomonas
plasmids of this size or even larger have been
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reported for the widely prevalent IncP-2 plas-
mids, including the CAM and OCT plasmid or
P. putida (47, 60). The plasmid location for these
genes would be in keeping with current views on
the advantages of genetic transmissibility (110)
via plasmids, especially since it has now been
demonstrated that the toluene-degrading genes
of a TOL plasmid are transposable (92). There
is a pressing need for a more-extensive chromo-
somal map of P. putida and other fluorescent
pseudomonads so that the plasmid or chromo-
somal location of particular dissimilatory func-
tions can be accurately determined.
A study of gene distribution in P. acidovorans

has recently been initiated for the first time.
Heath and colleagues have developed a trans-
ductional system using the temperate, general-
ized transducing phage 412 to study the genetics
of histidine utilization (hut) and tryptophan bio-
synthesis (trp) (13, 135, 148). A transductional
cluster of four hut structural genes and a pos-
tulated repressor gene hutC which is unlinked to
the structural genes have been identified in P.
acidovorans. Physiological and enzyme experi-
ments indicate that the structural genes do not
form an operon. The arrangement of the struc-
tural gene cluster is analogous to that in P.
putida (111). Mutations in a regulatory locus
lead to enzyme constitutivity. This locus was
found to be in the same cluster in P. putida, but
whether this is an operator site or repressor gene
has not been determined. Limited mapping data
for P. aeruginosa have shown two unlinked
regions for genetic expression of histidine utili-
zation, with the loci hutU and hutC being anal-
ogous to those in P. putida (Fig. 2; Table 1) (37).
Comparisons are now possible with respect to

the tip genes in the three species P. aeruginosa,
P. putida, and P. acidovorans. Unlike enteric
bacteria, in which the tip genes form a single
operon, there are three uninked groups of genes
in P. aeruginosa and P. putida (36). In P.
aeruginosa, trpA,B maps at 27 min, trpC,D,E
maps at 33 min, and trpF maps at about 60 min
(Fig. 2; Table 1). In P. putida, the arrangement
of trp genes into three clusters is the same as in
P. aeruginosa (Fig. 1) (26, 137). In P. acidovor-
ans, there are only two clusters, trpF,B,A and
trpG,D,C (13, 135), with trpE being weakly
linked to trpG,D,C, the level of recombinants
recovered between trpE and trpD or trpC sug-
gesting an interval of a number of genes. The
trpF,B,A cluster in P. acidovorans is linked to
a leu gene and, as seen in Fig. 2 and 3, there is
linkage between trpF and a leu locus in P.
aeruginosa and P. putida (Fig. 1).
The arrangement of genes controlling trypto-

phan biosynthesis has now been determined in
a number of species, enabling speculation on

how this pathway has evolved (36, 135). That
variations in arrangement between different spe-
cies of Pseudomonas do occur for this pathway
augurs well for the role that gene arrangement
studies will play in the understanding of the
regulation of gene expression and the evolution
of species in this genus.
Amidase system. Aliphatic amidases are a

unique group of enzymes elaborated by many
strains of P. aeruginosa and some strains of P.
putida, P. acidovorans, and P. cepacia. The
biochemistry with respect to substrate and in-
ducer specificity and the genetics of this enzyme
system have been extensively studied by Clarke
and her colleagues (see 34 for a review). This
system continues to be perhaps the only one in
Pseudomonas (and specifically in P. aerugi-
nosa) in which a combination of genetic fine-
structure analysis, studies of regulation of gene
expression, and studies of the experimental ev-
olution of novel enzyme variants capable of uti-
lizing novel substrates are being combined to
elucidate an enzyme system which is likely to
have general significance for Pseudomonas and
other microorganisms (4, 5, 45). Phage F116 has
played an important role in this analysis, since
it was early established in transductional crosses
using this phage in P. aeruginosa strain PAC
(previously 8602) that the amidase system is
composed of two very closely linked (80 to 100%)
cotransducible loci: amiE, specifying the struc-
tural gene for the enzyme; and amiR, the regu-
lator gene (8). More recently, the same phage
has been used in three-point transductional
crosses to determine gene order between muta-
tions affecting amiE and amiR (4). These fine-
structure genetic studies involving 26 amiE mu-
tants have shown that 10 of the mutations map
within a very short region of the gene, and it has
been postulated that these might be involved in
the amide binding capacity of the enzyme. Stud-
ies of the amidase system have been extended
to P. aeruginosa PAO, and a chromosomal lo-
cation very late in the FP2 transfer sequence
has been identified in interrupted-mating con-
jugal crosses (37) (Table 1; Fig. 2). From a num-
ber of lines of evidence, including the behavior
of temperature-sensitive mutations affecting
amiR, it has been concluded that the regulation
of amiE expression is solely under positive con-
trol (45), this being the first example of classical
positive control in Pseudomonas. These studies
in gene regulation need to be confirmed by tests
with partial diploids. The isolation of promoter
mutants and their chromosomal mapping (164)
and the isolation of operator mutants and much
more detailed fine-structure mapping of the ami
genes should considerably enhance the under-
standing of gene expression in Pseudomonas.
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Suppressors. Suppressor mutations have
played an important role in the elucidation of
how genetic information is expressed, and they
have provided a highly useful tool for microbial
geneticists. Indeed, suppressor mutations, spe-
cific for amber, ochre, opal, frameshift, and mis-
sense mutations, have been extensively mapped
in E. coli K-12 and in S. typhimurium LT2 (1,
157).

Until recently, such mutations were unknown
in P. aeruginosa. However, in the last 2 years,
a number of independently isolated suppressor
mutations have been discovered in P. aerugi-
nosa PAT and PAO. In the course of character-
izing a temperature-sensitive mutant of a mul-
tiple auxotroph of PAT, Watson and Hoiloway
(180) discovered that its presence led to the
simultaneous nonrequirement for growth of ly-
sine and adenine. Appropriate transductional
crosses indicated that a temperature-sensitive
suppressor mutation unlinked to either auxo-
trophic marker was responsible, and reversion
tests indicated that the suppressivity and tem-
perature sensitivity were allelic. The suppressor,
designated sup-i, was shown to map within co-
transductional distance of a cluster of thr loci in
strain PAT. The isolation of this suppressor
facilitated the isolation of suppressible muta-
tions (sus) affecting the lytic activity of the
virulent phage E79, and sup-i was shown to be
highly efficient in suppressing the E79 sus mu-
tants. Similar suppressors were sought by core-
version of the Iys andpur genes, and these were
readily obtained. To determine the genetic basis
of sup-i, a suppressible mutant of the wide-host-
range R plasmid R18 (28) was constructed, and
the plasmid was transferred to E. coli K-12, for
which many well-characterized nonsense sup-
pressors are known (1). However, supD, supC,
or supF of E. coli was unable to suppress the
R18 sus mutant, suggesting that sup-i of P.
aeruginosa PAT was not equivalent to the am-
ber or ochre suppressors of E. coli K-12. It was
tentatively concluded that, due to the broad
specificity of suppression by sup-i, it was some
form ofinformational suppressor, but more work
is required to determine its characteristics.
Other informational suppressors, termed

supA, supB, and supC, have been isolated in P.
aeruginosa PAO by a different procedure (132).
A promiscuous plasmid, RP1 was used to first
select mutations in the carbenicillin and tetra-
cycline resistance genes of RP1 in E. coli K-12
which were simultaneously suppressible by a
known E. coli amber suppressor (supD), and
then the plasmid so produced (called pLM2) was
transferred to P. aeruginosa PAO. From muta-
genized stocks of P. aeruginosa(pLM2), it was
possible to isolate bacterial mutants able to sup-

press simultaneously both antibiotic markers,
and some of these were also able to suppress
amber-suppressible mutants of the donor-spe-
cific phage PRD1, which had previously been
isolated from and identified in E. coli. Although
neither the genetic basis of the PAO supB mu-
tation nor its genetic location was determined, it
is fair to assume that it is also an informational
suppressor. The isolation of pLM2 should facil-
itate the isolation of amber-suppressible mu-
tants of chromosomal genes in P. aeruginosa,
but, as this plasmid retains the wide host prop-
erties of RP1, similar mutants can now be iso-
lated in other Pseudomonas species.
Kageyama and his colleagues (lOla) have also

isolated a series of nonsense suppressors in P.
aeruginosa PAO. With the availability of the in
vitro-engineered RP4-trp (the E. coli K-12 tip
operon ligated to RP4; 140) they isolated an
amber (Am) mutation in one of the E. coli tip
genes to obtain RP4-trp(Am). In E. coli, a series
of sus mutants of the plasmid donor-specific
phages PRD1 and PRR1 were isolated which
were used in the characterization of nonsense
suppressors in P. aeruginosa PAO. To isolate
such Pseudomonas suppressors, they trans-
ferred RP4-trp(Am) to strain PAO from E. coli,
the resultant strain, P. aeruginosa RP4-
trp(Am), was screened for suppressibility of the
trp amber mutation, and pseudo-wild-type pro-
totrophs were then screened for suppression of
PRD1 sus mutants. Three independent non-
sense suppressor (Su') mutants of PAO were
isolated and characterized with respect to their
suppressibility of PRD1 sus mutants that had
been cataloged as amber or ochre mutants in E.
coli. The PAO Su' strains were found to be
amber suppressors, and their pattern of suppres-
sion and the behavior of PAO Su- strains indi-
cated that the phenomenon of infornational
suppression may be subtly different between E.
coli K-12 and P. aeruginosa PAO. For example,
PRDl sus mutants that were typical amber mu-
tants in E. coli were, nevertheless, quite capable
of forming plaques efficiently on various PAO
strains which were apparently Su-. Conversely,
PRR1 sus mutants which were efficiently sup-
pressed by E. coli supD, supE, or supF were
nonsuppressible by Su' strains of PAO. A simi-
lar result was also obtained by Mindich et al.
(132). Further data will be needed to clarify the
relationship between the mechanisms of sup-
pression in E. coli and P. aeruginosa.
The availability of information suppressors in

P. aeruginosa PAO has opened the possibility
of studying phage and plasmid genetics. Kage-
yama et al. (lOla) have used the P. aeruginosa
Su' strains to isolate sus mutants of phages E79
and D3, and the mutants have been shown to
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belong to different complementation groups.
Carrigan et al. (19) have utilized sup-i (180),
supB (132), and sup-2 (19; probably identical to
supB) to characterize transfer-deficient (Tra-)
mutants of the narrow-host-range R plasmid
R91-5 of P. aeruginosa (29). Using supB, Lehrer
and Krishnapillai (unpublished data) have iso-
lated and characterized Tra- sus mutants of the
wide-host-range IncP-1 plasmid R18. In most
instances, the efficiency of suppression was low,
although highly suppressible mutants of R18
have been isolated.

PLASMlD-CHROMOSOME
INTERACTIONS

There are well-documented cases of the inte-
gration of plasmid DNA into the bacterial chro-
mosome, notably the plasmid F and bacterio-
phage lambda in E. coli. Other prophages in
various bacteria are known to integrate (see
below), but the evidence for other plasmid inte-
gration is much less extensive. However, accord-
ing to current studies of transposon behavior
(12), it is likely that fragments of plasmids, and
perhaps more rarely whole plasmids, do have
the property of being integrated into the chro-
mosome and causing permanent alterations to
the bacterial phenotype. Such a mechanism has
been suggested for the role of degradative plas-
mids in contributing to genetic variation and
evolution in Pseudomonas. Certainly the chro-
mosomal integration of prophages and aerugin-
ocinogenicity determinants has been demon-
strated, and there are various examples of chro-
mosome-plasmid interactions. The nature of
such interactions involved in Cma has been re-
viewed elsewhere (71).

Location of Prophages in Strain PAO
Prophages may integrate into bacterial chro-

mosomes or exist extrachromosomally as plas-
mids. The integration of lambda into the E. coli
chromosome has been intensively studied (52),
and precise chromosomal locations in E. coli for
several prophages are known (1); in S. typhi-
murium, chromosomal locations for eight pro-
phages are known (157). Although some pro-
phages, such as lambda in E. coli and P22 in S.
typhimurium, have single chromosomal integra-
tion sites, others insert at more than a single
site, as for example the prophage of phage P2,
which has 10 integration sites although 1 site
predominates with respect to the frequency of
integration (14). Chromosomal locations for pro-
phages of other bacteria have been much less
extensively studied, but they have been reported
for B. subtilis (192) and in Streptomyces coeli-
color (82). Extrachromosomal locations have
been shown for prophages P1, P7, and N15 of E.

coli (63, 86, 153, 190) by means of a variety of
physical methods. Recently the prophage of
phage R46P of Rhodopseudomonas sphae-
roides has also been shown to exist as a plasmid
(177).
Chromosomal locations have been shown for

prophages in P. aeruginosa PAO (17, 18, 106; K.
E. Carey, Ph.D. thesis, Monash University,
Clayton, Australia, 1974). Both plate matings
and interrupted-mating experiments with FP2
donors have placed the H90 prophage between
car-9 (9 min) and argA (18 min) (Fig. 2; Table
1). Cotransduction of the prophage with any
other marker was not found. In crosses between
donors lysogenic for H90 and nonlysogenic recip-
ients, zygotic induction (89) was found to occur
after transfer of the prophage, which affected
recovery of markers distal to the prophage site.
However, this was not accompanied by any in-
crease in plaque-forming particles, and together
with other data (Carey, Ph.D. thesis) this indi-
cates that phage H90 is partially defective. Elec-
tron microscope examination of phage lysates
shows that the proportion of apparently fully
assembled phage particles to unassembled phage
components is 1:90. Further work has shown
that phages very closely related to H90 are in-
deed very common among temperate phages
isolated from wild-type hospital strains of P.
aeruginosa, and all are chromosomally located
in the same region as H90 (Carey, Ph.D. thesis).
Two other temperate phages have also been

shown to have a chromosomal location for their
prophages (18; Carey, Ph.D. thesis). The ultra-
violet-inducible phages J51 and J84 are related
by the criteria of homoimmunity and serological
cross-reactivity, but J51 is analogous to lambda
because of its zygotic induction behavior. There
is a reduction in the recovery of zygotes inher-
iting markers distal to the prophage location
site, and also there is a concomitant increase in
infectious centers (18). This has enabled the use
of infectious centers as an assay for the entry of
the prophage site in interrupted matings be-
tween lysogenic donors and nonlysogenic recip-
ients. The chromosomal site for prophage J51
has been located close to 50 min on the PAO
chromosome (18). The prophage of J84 also
appears to map in this region by analysis of
coinheritance of prophage J84 with other bac-
terial markers in plate-mating crosses; however,
unlike J51, J84 is zygotically noninducible and
therefore a more-precise location was not deter-
minable (Carey, Ph.D. thesis). However, the lack
of infectious center increase in interrupted mat-
ings between J84 lysogenic donors and nonlyso-
genic recipients is analogous to the behavior of
the E. coli prophage 186, which is also ultraviolet
inducible but zygotically noninducible (186).
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Genetic mapping experiments (Carey, Ph.D.
thesis) have so far failed to provide evidence for
the chromosomal locations of the better-char-
acterized temperate phages B3, D3, G101, and
F116L of P. aeruginosa (76). Miller et al. (130),
using F116, which was isolated from the same
lysogenic strain of P. aeruginosa as F116L, pre-
sented evidence for the mobilization of the F116
prophage by the FP2 plasmid in noninterrupted
matings, which has been interpreted as resulting
from a plasmid-like or extrachromosomal loca-
tion for the F116 prophage. This conclusion was
also supported by the appearance of satellite
DNA in CsCl gradients of tritium-labeled DNA
from lysogens (130).

Location of Aeruginocinogenicity
Determinants

Like lysogeny, aeruginocinogenicity (pyocin-
ogenicity) is extremely common in P. aerugi-
nosa. Two types of aeruginocins can be distin-
guished: R type, which have a shape similar to
a bacteriophage tail, with a single protein sub-
unit of molecular weight 107; and the S type,
which are proteins of molecular weight ca. 75,000
(76).
Kageyama and his colleagues (98-101, 162)

have mapped the chromosomal location in P.
aeruginosa PAO of the genetic determinants
coding for R bacteriocins. A variety of R-type
aeruginocins are found in P. aeruginosa strains
from different geographical origins, but they ap-
pear to be remarkably similar with respect to
morphology, mode of action, and immunological
properties. Kageyama and his co-workers have
identified R-type aeruginocins designated Rl,
R2, and R3 in P. aeruginosa strains P15 (iso-
lated in Japan), PAO (Australia,) and PAT
(South Africa), respectively. The genetic deter-
minants for Rl have been shown by FP2-me-
diated conjugation and F1 16-mediated transduc-
tion to be located at about 32 to 34 min on the
PAO chromosome (98, 99). By similar genetic
crosses, the determinants for R3 were trans-
ferred into PAO from PAT. Recombinational
analysis has shown that the R2 and R3 deter-
minants are very likely allelic (101). Similarly,
Rl is likely to be allelic to R2 (100). These R-
type aeruginocin genetic deterrninants may
thus have a common ancestry, and one possibil-
ity is that a normal prophage was ancestrally
located at this chromosomal site and subse-
quently became defective. Such a postulated
relationship between the genetic determinants
of R-type aeruginocins and normal prophages is
strengthened by the serological similarity be-
tween R-type aeruginocins and normal temper-
ate phages of P. aeruginosa (81). The single

chromosome site for the location of these deter-
minants has its counterpart in the prophage of
the defective phage PBSX of Bacillus subtilis,
which also has a singular site (175). The location
of the S-type aeruginocinogenicity determinant
has not been determined. They have not been
transmitted in conjugation, nor have attempts
at curing been successful.

In summary, it appears well established that
prophages and bacteriocinogenicity determi-
nants have specific locations on the chromosome
of P. aeruginosa PAO. In particular three re-
gions, 7 to 18 min, 32 to 34 min, and 50 min,
show a preference for such locations. The dem-
onstration of chromosomal locations of pro-
phages in P. aeruginosa opens the way to the
exploitations of this knowledge for the develop-
ment of specialized transduction systems as, for
example, with 480 in E. coli K-12, where the
construction of transductional heterogenotes fa-
cilitated the study of the regulation of the tryp-
tophan operon (123).

Other Plasmid-Chromosome Interactions
It is known that IncP-1 plasmids are stably

maintained in P. aeruginosa PAO but are un-
stable in strain PAT, suggesting a role for the
bacterial genome in maintenance of plasmids.
This instability manifests itself as the progres-
sive loss of plasmid markers at a frequency of
about 1% per cell generation, resulting even-
tually in plasmid-free cells (73), a phenomenon
which has been termed structural instability
(71). Both instability and Cma are abolished in
recombination-deficient hosts but reappear in
Rec+ revertants, selected on the basis of resist-
ance to mitomycin C (A. J. Godfrey and A. F.
Morgan, manuscript in preparation). The insta-
bility is due to interaction with pVSl, a resident
nonconjugative PAT plasmid (168), and is strain
independent since IncP-1 plasmids are unstable
in PAO hosts carrying pVS1. However, in PAO,
instability is not accompanied by Cma, and
hence there must also be chromosomal differ-
ences between PAO and PAT in the IncP-1
origin region (Godfrey and Morgan, in prepara-
tion).
The requirement of a functional recombina-

tion system for instability to occur theoretically
gives a very strong selection method for isolating
Rec- mutants or any other chromosomal mu-
tants affecting the process. However, no such
mutants have been found, and so it is possible
that it is a lethal event for the cell if such
mutants are generated while the IncP-1 plasmid
is present. Reconstruction experiments, in which
Rec+ and Rec- PAT strains carrying the IncP-1
plasmid R68 were mixed at a ratio of 106:1,
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yielded a high proportion of Rec- cells after only
a few cycles of alternate selection and relaxation
(Godfrey and Morgan, in preparation).
Chang and Holloway (30) isolated a chromo-

somal mutation, risA, which renders the host
temperature sensitive for the maintenance of
some but not all IncP-2 plasmids, although plas-
mids of other incompatibility groups are not
affected. The kinetics of plasmid loss suggested
that plasmid-containing cells are unable to grow
at the nonpermissive temperature but are over-
grown by plasmid-deficient cells. Nakazawa
(141) has shown a similar effect with the TOL
plasmid in P. aeruginosa PAO.

GENEETIC BASIS OF RESISTANCE TO
ANTIBIOTICS AND OTHER TOXIC

AGENTS
P. aeruginosa has the reputation for being an

unusually resistant organism in terms of its re-
sponse to a variety of antibiotic and chemother-
apeutic agents. In recent years, the emphasis on
the genetic basis of this resistance has been in
terms of plasmids, and there are a number of
extensive accounts of resistance plasmids in P.
aeruginosa (91, 93, 167). A discussion of the
resistance ofPseudomonas in terms of antibiotic
inactivation, the role of the cell envelope in
resistance, and the ultrastructure of P. aerugi-
nosa as related to resistance (9) indicates that
there are a variety of mechanism by which P.
aeruginosa can display resistance to antibiotics
other than by plasmid-coded functions, but it is
surprising that so little is known about the ge-
netic basis of this type of resistance.
As described earlier, Watson and Holloway

(182) have demonstrated a cluster of genes de-
termining antibiotic resistance in P. aeruginosa
PAT, which includes rifampin, streptomycin,
and spectinomycin, as well as hypersensitivity
to fusidic acid (Fig. 3). Other locations for genes
affecting aminoglycoside resistance have been
identified in P. aerugiosa PAO. L. E. Bryan
(unpublished data) has identified a locus, aglA,
in strain PAO which shows a higher resistance
to a variety of aminoglycosides, and this is co-
transducible with ilvB/C at about 8 min. C. E.
Crowther and B. W. Holloway (unpublished
data) have isolated spontaneous mutants resist-
ant to kanainycin which also show resistance to
other aminoglycosides, and this marker (desig-
nated agID) has been shown to be cotransduci-
ble with argC (35 min) and, hence, is in the same
region as the other ribosomally involved resist-
ance mutations mentioned above. A third type
of aminoglycoside resistance has been demon-
strated in a strain of P. aeruginosa carrying the
ECM plasmid R68.45. For this strain, mutants

resistant to high-level streptomycin occurred
spontaneously at 50 to 100 times the normal
frequency. When these were characterized, it
was found that they were highly resistant to all
aminoglycosides tested, and a locus aglE re-
sponsible for this form of resistance has been
mapped in the vicinity of argF (75; Crowther
and Holloway, unpublished data). It is of interest
that most aglE mutants derived from R68.45-
containing strains have also lost Cma. In addi-
tion, it has been shown that curing of the R68.45
plasmid from such strains results in loss of the
mutator ability for this mutation. It is tempting
to speculate that the region of the R68.45 plas-
mid which is thought to be responsible for Cma,
namely, the 1,800-base pair insertion near the
locus for kanamycin resistance (van Montagu
and Schell, personal communication; Reiss,
Burkhardt, and Piihler, personal communica-
tion), is acting as a mutator element by excising
from the plasmid and becoming inserted into the
chromosome.
The nature of aminoglycoside resistance in P.

aerugnosa in particular and gram-negative bac-
teria in general has been considered by Bryan
and van den Elzen (10), and, through the study
of aminoglycoside uptake in a variety of mu-
tants, a model has been formulated for amino-
glycoside entry in bacteria which involves a low-
affinity membranous complex involved in mem-
brane energization. This includes respiratory
quinones, these acting to bind and transport
aminoglycosides across the cell membrane. Evi-
dence to support this theory comes from the
reaction to antibiotics of a variety of E. coli
mutants which are altered in ubiquinone synthe-
sis, such as ubiD mutants, which synthesize
about 20% of the normal quantity of ubiquinone
and exhibit increased resistance to all aminogly-
cosides and cannot accumulate gentamicin or
streptomycin. Additional support comes from
studies of mutants, both ofE. coli and P. aerugi-
nosa, in which there is alteration in response to
bacteriocins and, hence, very likely in the nature
of the cytoplasmic membrane (68). Mills and
Holloway (131) have described the isolation of
an aeruginocin-tolerant mutant ofP. aeruginosa
PAO which shows hypersensitivity to all ami-
noglycosides tested and which has not changed
its susceptibility to a wide range of other toxic
agents, including antibiotics and surfactants.
The locus responsible for this change, tolA, has
been mapped at about 10 min from the FP2
origin and is closely linked to car-9. Evidence
involving the tolA locus in this specific hyper-
sensitivity was obtained by selecting for revert-
ants of the hypersensitive phenotype when re-
vertants to tol+ were found (131). It has not yet
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been possible to correlate structural changes in
such aeruginocin-tolerant mutants with changes
in energization, but the properties ofthis mutant
clearly indicate an approach for the experimen-
tal testing of Bryan and van den Elzen's model.

GENETIC ANALYSIS OF CELL
STRUCTURE

Although microbiologists agree that Pseudo-
monas shows a remarkable resistance to a wide
variety of toxic agents, as yet there is no consen-
sus as to how this is achieved. Analysis of the
Pseudomonas cell envelope has so far not re-
vealed any special features to which this resist-
ance c4ould be ascribed (for a review see 9).
However, only relatively recently have the iso-
lation and genetic analysis of cell envelope mu-
tants been used as an approach to this problem,
which is encouraging in view of the success that
such an approach has achieved in other gram-
negative bacteria, notably Salmonella (173).

Lipopolysaccharide-defective mutants of P.
aeruginosa PAC have been isolated by selection
for resistance to aeruginocin and, by analysis of
different mutants, evidence has been obtained
showing the existence of a core polysaccharide
with different amounts and kinds of side chains
(104). A novel feature of these experiments was
the use of bacteriocins to select spontaneous
lipopolysaccharide-defective mutants, an ap-
proach not commonly used with enteric bacteria.
Kropinski and his co-workers (108) have isolated
lipopolysaccharide-specific phages PB1, 4PRS-
37, and 4PRS-43 (94, 107). A comparison of the
lipopolysaccharide from wild-type strain PAO
and a rough mutant resistant to the virulent
phage E79 showed that the mutant lacked side-
chain material and was defective in its inner core
region (95). This is interesting in view of the
demonstration that E79 is a generalized trans-
ducing phage. Two ese (E79 resistance) loci have
been mapped (Fig. 2; Table 1). Markers involved
in somatic antigen formation have also been
mapped on the P. aeruginosa PAO chromosome
(122).
A genetic analysis of flagellum formation has

been initiated (T. Iino and T. Suzuki, personal
communication). Six mutation sites, flaA
through flaE and hag, have been identified, with
hag being the structural gene for flagellin. The
six loci are all closely linked, as shown by F116
transduction. An additional mutation, responsi-
ble for multi-flagellate mutants, also maps in the
fla gene cluster.

MICROBIAL GENETICS IN MEDICAL
MICROBIOLOGY

We have already discussed the role that for-

mal genetic analysis may play in the understand-
ing of antibiotic resistance, both chromosomally
and plasmid determined, in P. aeruginosa. How-
ever, there are a number of other medical prob-
lems involving P. aeruginosa for which a genetic
approach is yielding profitable results. One of
these concerns mucoid strains of P. aeruginosa,
these being strains which excrete a polysaccha-
ride such that colonies become viscous and large
and the bacterial cells acquire a capsule of ex-
truded polysaccharide. It has been found that
over 90% ofpatients suffering from cystic fibrosis
die of progressive pulmonary involvement com-
plicated by infection with P. aeruginosa. Dog-
gett et al. (40) observed that mucoid isolates of
P. aeruginosa could be isolated from 70% of
cystic fibrotic patients, an observation later ex-
tensively confirmed by other workers (39, 65,
154). Certain features of these mucoid vanrants
are of interest. Whereas such mucoid strains
generally emerge and persist in vivo, particularly
in cystic fibrotic patients, they revert to the
nonmucoid form in vitro (53, 54, 118). Govan
and Fyfe (55) have described techniques for
isolating mucoid variants in vitro by selective
techniques involving mutants resistant to car-
benicillin, flucloxacillin, and tobramycin, the
technique involving careful selection of the level
of antibiotics to be used. The frequency of iso-
lation of such mucoid variants was approxi-
mately 10-7 and could be increased 40-fold by
mutagenesis of nonmucoid strains with ethyl
methane sulfonate. Similar variants were ob-
tained after selection with the virulent phage
E79 (53) and also by selection for colonies sur-
viving treatment with aeruginocins (H. Rossiter
and B. W. Holloway, unpublished data). Char-
acterization of the antibiotic- and E79-resistant
mucoid variants showed them to be indistin-
guishable from mucoid P. aeruginosa strains
isolated from patients with cystic fibrosis (55).
Markowitz et al. (117) have presented evidence
that exopolysaccharide production does not ap-
pear to be plasmid linked and have begun the
construction of strains to be used for exploring
the genetic basis of the mucoid phenotype.
Govan (53) and Fyfe and Govan (51), in a similar
approach with crosses involving both FP2 and
R68.45 in strain PAO, have indicated that chro-
mosomal locations for mucoid determinants can
be assigned on the basis of such crosses and,
hence, exopolysaccharide production by P.
aeruginosa takes place after a chromosomal mu-
tation. For such genetic studies, it is essential
that the mucoid variants remain stable in cul-
ture; Govan (53) has indicated that stability is
improved when the mucoid variant is grown in
the presence of lecithin or sodium deoxycholate.
By means of fluctuation tests and growth rate
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experiments, Govan et al. (56) found that the
spontaneous reversion of the mucoid form to the
wild-type form behaved, in a fluctuation test, as
if a spontaneous mutation was occurring, and by
studying the growth rates of mucoid and non-
mucoid forms, it was found that there was a very
real growth rate advantage for the nonmucoid
revertants, particularly in cultures in which aer-
ation was limiting. Under conditions in which
aeration is not limited, as in shaken cultures,
there is little difference in the growth rate be-
tween the mucoid and nonmucoid forms.

Genetic analysis is also being applied to the
study of virulence of P. aeruginosa. It is knowii
that this organism produces a range of extracel-
lular compounds, and efforts are being made to
relate individual compounds to virulence. The
most likely virulence factor is a trypsin-sensitive,
heat-labile, protein exotoxin (113). Iglewski and
Kabat (84) have shown that this toxin, toxin A,
causes a block in an elongation step of poly-
peptide assembly and in this respect acts like
diphtheria toxin fragment A. Subsequently, Ig-
lewski et al. (85) identified another enzyme se-
creted by P. aeruginosa which is an adenosine
diphosphate ribosyltransferase that is distinct
from exotoxin A. The location of the structural
genes of these products is not known, but 80% of
all isolates of P. aeruginosa tested produce ex-
otoxin A, so that the structural gene for this
enzyme is either on the chromosome or on a
plasmid which is common to many natural
strains of P. aeruginosa. The genetic study of
these exoenzymes should be particularly inter-
esting and perhaps one in which an ECM plas-
mid like R68.45 could be effectively used.

SUMMARY AND PROSPECT
The ability to recognize and manipulate the

chromosomal genes of pseudomonads is attrac-
tive for both genetic and microbiological pur-
poses. The diversity of these organisms has pro-
vided an extensive forum for conjecture by those
interested in microbial evolution. Work by Orns-
ton and his colleagues on the evolution of the
B8-ketoadipate pathway provides the best evi-
dence at the amino acid sequence level as to how
metabolic pathways are acquired. Yeh et al.
(191) have shown that the muconolactone iso-
merases ofPseudomonas and Acinetobacter are
evolutionarily homologous and evidently share
a common ancestral gene. By the immunological
comparison of y-carboxymuconolactose decar-
boxylases from various Pseudomonas species,
Patel and Ornston (149) concluded that inter-
specific transfer of the structural gene for this
enzyme does not commonly occur.

Genetically, the pseudomonads can be consid-
ered at the present time to consist of two types.

One is P. aeruginosa, for which plasmids with
and without Cma are common and which is
almost invariably lysogenic for bacteriophages,
many of which are transducing. By contrast, P.
putida and similar fluorescent pseudomonads
are only rarely lysogenic, transducing phages are
rare, and plasmids do occur but are not very
common. Where found, these plasmids have a
selective value predominantly in terms of cata-
bolic activity and only infrequently show Cma.
Finding and developing practical systems of ge-
netic analysis for P. putida and other fluorescent
pseudomonads has not been easy. The discovery
that IncP-1 plasmids possess the machinery to
transfer genetic material raises the question as
to their role, if any, in the evolution of different
species of this genus. Perhaps the IncP-1 plas-
mids are a relatively recent experiment in evo-
lution, or they have been isolated from the flu-
orescent pseudomonads by geographical or other
spatial barriers. Alternatively, the selective pres-
sure of antibiotics has been needed to overcome
some natural disadvantage that IncP-1 plasmids
possess. The use of IncP-1 plasmids with Cma
in interspecific crosses may provide essential
genetic evidence which will complement the im-
portant evolutionary fmdings by Ornston re-
ferred to above. Hopefully, the use of such plas-
mids may provide additional ways of determin-
ing genetic similarity and dissimilarity of partic-
ular taxonomic groups.
An important experimental avenue which

must be explored is the integration of plasmid
material into the bacterial chromosome, partic-
ularly with respect to genes determining sub-
strate utilization. It is difficult to speculate on
the evolutionary significance of this aspect of
the pseudomonad genome without knowing
whether such DNA can only be transferred from
plasmid to plasmid (as has been shown with
TOL and SAL [22, 92]) or whether such genetic
information can be added stably and without
loss of essential function to the bacterial chro-
mosome. Knowledge of insertion sequences and
transposons ofPseudomonas and related genera
will be essential for the complete understanding
of how genetic material can move between the
various species of the genus.
For what may be purely practical reasons, the

properties of IncP-1 plasmids (possession of
Cma, ability to generate R' plasmids, and exten-
sive bacterial host range) may enable the reali-
zation of the industrial potential for Pseudo-
monas, which has been widely acclaimed but
never quite realized (72). Already, one multi-
plasmid strain of P. putida has been patented
for purposes of pollution control (49). Pseudo-
monas species are being tested for their role in
the manufacture of single-cell protein, using
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methanol or ethanol as a growth substrate (112).
A new area for potential development is the
construction of Pseudomonas recombinants for
the production of desired byproducts which are
too expensive to obtain by standard industrial
chemical processes. The metabolic versatility of
the genus and the ability to grow on inexpensive,
readily available substrates, combined with in
vitro and in vivo genetic engineering procedures,
could be the recipe for a major industrial devel-
opment in the early twenty-first century, when
traditional sources of raw material may have
declined.
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